Restriction fragment length polymorphism (RFLP) in the reverse transcriptase domain of family 1 retrotransposons was investigated in the genera Triticum and Aegilops. On the basis of the TaqI restriction site distribution within or near the reverse transcriptase domain, we defined the four types (I-IV) of the family 1 wheat retrotransposons. The type I elements are assumed to have been present much before the differentiation of the genera because they distribute in rye and barley. On the other hand, the type II-IV elements appeared to have occurred during speciation of Triticum and Aegilops species and were transmitted vertically from species of lower ploidy to those of higher ploidy, because they distribute in most of the polyploid species whereas they are detectable only in six of 15 diploid species. These findings suggest a possibility that the genomes carrying the new family 1 retrotransposons have been preferred in successful establishment of polyploid species.
INTRODUCTION
The genera Triticum and Aegilops are taxonomically placed in the tribe Triticeae of the family Gramineae. They are biologically congeneric and consist of more than 30 species mainly distributed over the Mediterranean area (Table  1) . One of the unique features of the genera is that they have several important cereals such as, einkorn, emmer, timopheevi and common wheats. Another feature is the polyploid formation following to interspecific hybridization. More than 17 species have the genome sets derived from two or three diploid species (Table 1) . The genetic relationships among the species of the genera have been studied intensively by both genome analysis (ref. Lilienfeld, 1951; Kimber, 1983) and plasmon analysis (Tsunewaki, 1996, for review) .
We are interested in wheat retrotransposons as the repetitive genomic components and have reported the family structure of wheat retrotransposon population Tsunewaki, 1996, 1997) . The results suggested that the wheat genome contains at least two Ty1-copia group retrotransposon superfamilies: each consisted of the families established before or after the speciation of the Pooideae subfamily in Gramineae. Especially, the family 1-related retrotransposons are detectable in taxonomically distantly related species such as wheat, rice and millets, suggestive of the presence of the retrotransposons of this family in the early stage of grass evolution. Accordingly, they are assumed to be among the oldest retrotransposons in the wheat genome.
In this paper, we report the restriction fragment length polymorphism (RFLP) in the reverse transcriptase domain of family 1 retrotransposons observed among the Triticum and Aegilops species. Our results suggest that some types of family 1 retrotransposons might have newly occurred after the divergence of Triticum and Aegilops. We also discuss the transmission patterns of the newly occurred family 1 retrotransposons during the polyploid evolution in the genera.
MATERIALS AND METHODS
Plant materials. Forty-five accessions of 32 Triticum and Aegilops species were used (Table 1) . Most of the materials were kindly supplied by the Plant Germplasm Institute, Faculty of Agriculture, Kyoto University. Two Triticeae cereals, rye (Secale cereale) and barley (Hordeum vulgare), were also used as outgroup referants.
DNA extraction and RFLP analysis. Total DNA was extracted from the leaves of greenhouse-or field-grown plants by the CATB method (Murray and Thompson, 1980) . About 8 µg of total DNA was digested with TaqI restriction endonuclease under the condition specified by the manufacturer (Wako). The digested samples were separated in a 0.8% agarose gel, then transferred to a Hybond N + membrane (Amersham). The probe was prepared by PCR using the M13 primers from a family 1 reverse transcriptase domain clone named R6 which was obtained from common wheat by the method described previ-ously (Matsuoka and Tsunewaki, 1996) . The aligned nucleotide sequence of R6 shows 90.0-96.7% homology to those of the other reverse transcriptase domain clones of family 1. Probe labeling and hybridization were done with a DIG labeling and detection kit (Boehringer Mannheim). The membranes were washed twice with 2 × SSC plus 0.1% SDS at room temperature for 5 min then twice with 0.1 × SSC plus 0.1% SDS at 68°C for 15 min. The hybridized probes were visualized on X-ray film (Fuji Film) by the chemiluminescent reaction with Lumi-phos TM 530.
RESULTS

RFLP analysis.
The Southern hybridization patterns of R6 probe to the genomic DNAs of common wheat and its close relatives are presented in Figure 1 . domain as the probe (Matsuoka and Tsunewaki, 1996) . This obvious RFLP observed among wheat and its close relatives led us to extend the examination to cover the whole Triticum and Aegilops. The results are as follows: Diploid species: The 200-and 300-bp bands were detected only in the species of the section Sitopsis carrying S or Srelated genomes (Fig. 2) . These bands were not detected in rye and barley. Another intensive band (ca. 400-bp) was detected in the C genome diploid, Ae. caudata. All other diploids showed neither of these bands.
Polyeides species: The 200-and 300-bp bands were apparently detected in Ae. kotschyi and Ae. variabilis, but not in Ae. ovata (Fig. 3) . A couple of bands similar to the 200-and 300-bp bands were observed in Ae. biuncialis (UM genome), Ae. columnaris (UM genome) and tetra-and hexaploid Ae. triaristata (UM and UMN genomes), but they are of weak signaling and appear to be slightly different from those observed in Ae. kotschyi and Ae. variabilis in size. This observation is an unexpected one, because the bands like those were not detected in any of the putative diploid ancestors of these species (Ae. umbellulata for U genome, Ae. comosa and Ae. heldreichii for M genome and Ae. uniaristata for N genome) (Fig. 2) . The possibility that these bands were derived from some other accessions of these diploid species was suspected and more accessions of Ae. umbellulata (KU8-2 and 8-7), Ae. comosa (KU17-1 and 17-3), Ae. heldreichii (KU18-2 and 18-3) and Ae. uniaristata (KU19-1 and 19-3) were examined. The presence of these bands were, however, shown to be negative in the accessions additionally examined (data not shown). The intensive band (ca. 400 bp) was observed in Ae. triuncialis (UC genome) as the case in Ae. caudata (C genome) (Figs. 2 and 3).
Cylindropyrum and Vertebrata species: The 200-and 300-bp bands were detected in the tetraploid and hexaploid forms of Ae. crassa (DM and DDM genomes), Ae. juvenalis (DMU genome) and Ae. vavilovii (DMS genome) (Fig. 4) . It is notable that none of the putative diploid ancestors of Ae. crassa and Ae. juvenalis (Ae. squarrosa for D genome, Ae. comosa and Ae. heldreichii for M genome, Ae. umbellulata for U genome and Ae. uniaristata for N genome) has the 200-and 300-bp bands (Figs. 2 and 4) . The 400-bp band observed in Ae. caudata (C genome) was detectable also in Ae. cylindrica (CD genome) (Figs. 2 and 4) .
Four types of family 1 retrotransposons identified by the RFLP analysis. The RFLP initially detected in wheat and its relatives is interpretable as a result of a TaqI restriction site difference in the reverse transcriptase domain of the family 1 retrotransposons. Figure 5 shows the TaqI restriction site map of a family 1 retrotransposon clone obtained from common wheat. This retrotransposon (named Tar1) was analyzed previously and shown to cover most of the coding region of a Ty1-copia group retrotransposon, i.e., the ending part of gag protein domain, pro- teinase domain, endonuclease domain and reverse transcriptase/RNase H domain (Matsuoka and Tsunewaki, 1997) . According to the restriction map, the R6 probe is expected to hybridize with the two fragments (209 and 346 bp), which eventually correspond to the two intensive bands (ca. 200 and 300 bp) detected in T. aestivum and other species (Fig. 1) . Loss of the TaqI site at position 2091 would result in the loss of 209-and 346-bp fragments and the gain of a larger fragment (555 bp). The 555-bp fragment is detectable as another intensive band (ca. 600 bp), which is shared by all the species tested including rye and barley (Figs. 1-4) . Because the copy number of the family 1 retrotransposons was estimated to be about 70 in T. aestivum (Matsuoka and Tsunewaki, 1997) , co-appearance of the 200-and 300-bp bands and the 600-bp band in T. aestivum and other species is not surprising; some of the family 1 retrotransposons may have the TaqI site at position 2091 and others may not. The 200-and 300-bp bands, thus, indicate the presence of family 1 retrotransposons carrying the 209-and 346-bp TaqI fragments. This interpretation is applicable for the 200-and 300-bp bands observed in other species. On the basis of the interpretation of the RFLP, we define two types of the family 1 retrotransposons, i.e., those carry the 555-bp TaqI fragment in the reverse transcriptase domain (type I), and those carry the 209-and 346-bp TaqI fragments instead of the 555-bp fragment (type II).
In the RFLP analysis, we detected a band (ca. 400 bp) in Ae. caudata, Ae. cylindrica and Ae. triuncialis. We also detected a couple of bands (ca. 200 and 300 bp) in Ae. biuncialis, Ae. columnaris and the tetraploid and hexaploid Ae. triaristata which appear to be different from those derived from the type II elements. Although the molecular basis is not clear, these specific bands indicate the presence of other types of family 1 retrotransposons, because these bands are expected to reflect the TaqI restriction site differences or insertions/deletions within and near the reverse transcriptase domain. We define the family 1 retrotransposons carrying the 400-bp TaqI fragments in the reverse transcriptase domain as type III. We assume, until another line of evidence becomes available, that the 200-and 300-bp TaqI fragments observed in Ae. biuncialis, Ae. columnaris and the tetraploid and hexaploid Ae. triaristata represent one type of family 1 retrotransposons (defined as type IV) on the basis of the observation that they always were detected together. The possibility that the 200-and 300-bp bands respectively represent independent types of the family 1 retrotransposons is not exclusive at present however.
DISCUSSION
We have reported the RFLP observed among the Triticum and Aegilops species detected by a family 1 retrotransposon reverse transcriptase domain probe. On the basis of the TaqI restriction site distribution within and near the reverse transcriptase domain, we defined four types (I-IV) of the family 1 retrotransposons. Among them, the type I elements distribute throughout the genera and even in rye and barley (Figs. 1-4) , suggestive of their occurrence before the differentiation of four genera Triticum, Aegilops, Secale and Hordeum. On the other hand, types II-IV elements show obvious polymorphism among the Triticum and Aegilops species and are absent in rye and barley (Figs. 1-4) . This suggests the recent origin of these types of family 1 retrotransposons during the speciation of Triticum and Aegilops species. The RFLP, thus, is useful to study the transmission patterns and the origin of the newly occurred family 1 retrotransposons. The distribution of the three types (II-IV) of the family 1 retrotransposons is summarized in Table 2 .
Among the diploid species, the type II elements are only shared by those in the section Sitopsis (Table 2) , suggestive of their occurrence in a common ancestor of the Sitopsis species. They distribute in the polyploid species carrying B, G and S genomes without exception (Table 2) . Because the B and G genomes in the Triticum species have been shown to be most possibly derived from Ae. speltoides (S genome) (Dvorak and Zhang, 1990) , they can be regarded as S genome derivatives. The type II elements of the Sitopsis species have probably been transmitted vertically to the polyploid species carrying the S or S-derived genomes through species hybridization followed by polyploidization.
The origin of the type II elements detected in the tetraploid Ae. crassa is mysterious, because they are not detectable in any of the accessions of the diploid ancestors (Ae. (Matsuoka and Tsunewaki, 1997) . The total length is 3631 bp. Tar1 was obtained from common wheat and contains a part of a defective Ty1-copia group retrotransposon. Domains which shows high homology to retroviral proteins (gag, protease, endonuclease and reverse transcriptase/RNase H) are shaded. The putative 3' long terminal repeat is indicated by LTR (?). The thick line labeled with "R6" shows the region to which the R6 probe hybridizes. Diamond-headed vertical bars indicate the TaqI restriction sites and only those involved in the RFLP observed are numbered to show the actual cutting positions.
heldreichii and Ae. comosa for M genome, and Ae. squarrosa for D genome). Considerations on the assignment of the genome symbols may, however, provide a clue. The genome symbol of DM is now used for the tetraploid Ae. crassa (Kimber and Tsunewaki, 1988) , indicating that this species comprises two genomes closely related to those of Ae. squarrosa (D genome), and Ae. comosa (M genome) or Ae. heldreichii (M genome) (Lilienfeld, 1951; Kihara, 1954; Kihara et al., 1959) . The assignment of M to one of the genomes of tetraploid Ae. crassa is based on morphological evidence (Lilienfeld, 1951; Kihara, 1954; Kihara, et al., 1959) . The presence of an M related genome in this species, however, was not verified by cytological and molecular genetic studies (Chennaveeraiah, 1960; Zhang and Dvorak, 1992) . Moreover, a recent result suggested that the genome now designated with M in tetraploid Ae. crassa is probably a modified S genome derived from an ancient Sitopsis species (Dubcovsky and Dvorak, 1995) . These facts allow us to infer that the type II elements in tetraploid Ae. crassa might have also derived from an unknown ancestral species of the Sitopsis. The elements in tetraploid Ae. crassa appear to have been transmitted to hexaploid Ae. crassa and Ae. juvenalis through species hybridization followed by polyploidization, as tetraploid Ae. crassa is likely the female parent of these hexaploid species (Tsunewaki, 1996) .
The type III elements distribute only in the species carrying C genome (Table 2) , and provide another example of vertical transmissions. They probably occurred primarily in Ae. caudata (C genome), and then transmitted vertically to Ae. triuncialis (UC genome) and Ae. cylindrica (CD genome).
The simple explanation assuming the vertical transmissions from diploid species is not applicable to the case of . One possible explanation is that the type IV elements have been transmitted from the unexamined accessions which provided the M or U genome to these polyploid species. Another possible explanation is that the type IV elements have occurred in the UM genome tetraploid species aforementioned. The type IV elements in tetraploid Ae. triaristata or Ae. biuncialis might have probably been transmitted to the hexaploid Ae. triaristata, as they are the most likely female parent of hexaploid Ae. triaristata (Tsunewaki, 1996) . It is also noteworthy that the type IV elements exceptionally were not detected in Ae. ovata (UM genome) whereas they were detected in all the other species having UM genome (Ae. biuncialis, Ae. columnaris, Ae. triaristata 4x and 6x) (Fig.  3) . This is coincided with their plasmon constitution, i.e., all of the type IV element carriers carry the U type plasmon whereas Ae. ovata has a distinctly different M o type plasmon (Tsunewaki, 1996) .
In conclusion, most of the newly occurred family 1 retrotransposons (types II-IV) appear to have been originated in diploid or tetraploid species and vertically transmitted to the species of higher ploidy. The occurrence of the new family 1 retrotransposons might have taken place through TaqI restriction site changes or length mutations occurred in type I retrotransposons of family 1 and they have undergone active amplification via retrotransposition. If this is the case, the family 1 retrotransposons might have kept their ability to execute retrotransposition for considerable periods of time, because the origin of family 1 re-lated retrotransposons can be as ancient as the divergence of wheat, rice and foxtail millet (Matsuoka and Tsunewaki, 1997) .
The newly occurred family 1 retrotransposons (types II-IV) distribute in all of the polyploid species but two (Ae. ovata and Ae. ventricosa). In contrast, they are detectable only in six of 15 diploid species. This finding is interesting, because it raises the possibility that the genomes carrying the new retrotransposons have preferentially been involved in polyploidization. The new retrotransposons might have worked as an unknown stabilizing factor which led to successful establishment of polyploids in Triticum and Aegilops.
